The properties of the Λ(1405) resonance are key ingredients for determining the antikaon-nucleon interaction in strangeness nuclear physics, and the novel internal structure of the Λ(1405) is of great interest in hadron physics, as a prototype case of a baryon that does not fit into the simple threequark picture. We show that a quantitative description of the antikaonnucleon interaction with the Λ(1405) is achieved in the framework of chiral SU(3) dynamics, with the help of recent experimental progress. Further constraints on theKN subthreshold interaction are provided by analyzing πΣ spectra in various processes, such as the K − d → πΣn reaction and the Λ c → ππΣ decay. The structure of the Λ(1405) is found to be dominated by an antikaon-nucleon molecular configuration, based on its wavefunction derived from a realisticKN potential and the compositeness criteria from a model-independent weak-binding relation.
Compositeness

Introduction
Understanding the Λ(1405) resonance has been a central issue in hadronnuclear physics in the strangeness sector. There have been plenty of hadron spectroscopy investigations to clarify the internal structure of the Λ(1405) using various pictures: three-quark excited state [1] ,KN molecular structure [2, 3, 4] , and so on. Among others, theKN molecule picture of the Λ(1405) is of particular interest. In this picture, the Λ(1405) is regarded as a quasi-bound state generated by the attractiveKN interaction, which decays via the transition to the πΣ channel.
The key properties (mass and width) of the Λ(1405) are the basic clues to identify its internal structure. In addition, because the Λ(1405) is located below theKN threshold, a precise determination of the Λ(1405) properties sets constraints on the behavior of theKN interaction in the subthreshold region, which is relevant for the study of possible quasi-bound antikaonic nuclei [5, 6] . For future orientation of strangeness nuclear physics, we summarize here the current status of the Λ(1405) and theKN interaction. At the same time, theKN molecular picture itself requests a critical examination. We thus raise the following questions:
1. To what precision are the properties of the Λ(1405) determined? 2. What will be the next steps to further constrain theKN interaction? 3. How can theKN molecular picture of the Λ(1405) be verified?
In this paper, we would like to address these questions in the framework of chiral SU(3) dynamics [7, 8, 9, 10, 11] , combined with recent precise experimental measurements. low-energy theorems based on a systematic power counting scheme. This theory is quite successful in describing the dynamics of pions in the two-flavor sector [16, 17] .
In the three-flavor sector, there appear kaons and the eta meson associated with the spontaneous breaking of chiral SU(3) R ×SU(3) L symmetry. In this case, the relatively large strange quark mass causes an interplay between spontaneous and explicit chiral symmetry breaking. In fact, the existence of the Λ(1405) resonance near the threshold indicates the strong nonperturbative dynamics of theKN system. Chiral SU(3) dynamics [7, 8, 9, 10, 11] offers a non-perturbative coupled-channels framework in which the constraints from chiral symmetry are properly encoded.
Λ(1405) andKN scattering
We start from the chiral SU(3) R ×SU(3) L meson-baryon effective Lagrangian
where the matrix fields U and B represent the octet pseudoscalar mesons We consider s-waveKN scattering with the chiral Lagrangian (1) . In chiral perturbation theory, the diagrams for the scattering amplitude are classified according to the counting rule in powers of momentum p. The perturbative meson-baryon scattering amplitude V ij (W ) at the total energy W up to O(p 2 ) is given by
where i, j denotes the channel indices,KN , πΛ, πΣ, ηΛ, ηΣ, and KΞ. 
. Explicit expressions can be found in Ref. [11] . The perturbative amplitude (2) cannot describe the Λ(1405) below thē KN threshold. This is a situation analogous to the chiral effective field theory approach for the nuclear force [18, 19] where the deuteron exists below the two-nucleon threshold. To overcome this difficulty, it is mandatory to build a nonperturbativeKN scattering amplitude. This has been achieved by solving the Lippmann-Schwinger equation [7, 8] , or by constructing the general form of the amplitude in the N/D method [9] . In both cases, the nonperturbative coupled-channel scattering amplitude T ij (W ) satisfies the following matrix equation in coupled channels:
The loop function G k (W ), with ultraviolet divergences removed, contains subtraction constants for each channel. In theKN scattering sector six subtraction constants are introduced: aK N , a πΛ , a πΣ , a ηΛ , a ηΣ , and a KΞ . The low-energy constants and the subtraction constants in the amplitude are determined by reproducing experimental data such as the total cross sections of K − p scattering into elastic and inelastic channels, and the threshold branching ratios. It turns out that the phenomenologically successful description of these data can be obtained mainly by the Weinberg-Tomozawa term V WT (W ) [8] . At the same time, the signature of the Λ(1405) appears in the πΣ mass spectrum.
An interesting outcome is the novel pole structure of the Λ(1405) [9] . Through the analytic continuation of the scattering amplitude in the complex energy plane, W → z, two poles are found below theKN threshold, as shown in Fig. 1 . One pole is located near theKN threshold with a narrow width, and a second one appears at lower energy with a larger imaginary part. Because a pole singularity of the scattering amplitude corresponds to an eigenstate of the Hamiltonian, the appearance of the two poles indicates the existence of two independent states with the same quantum numbers. Extrapolation to the flavor SU(3) symmetric limit shows that these poles originate from the attractive Weinberg-Tomozawa forces acting in the flavor singlet and octet channels [20] . In the isospin basis, the relevant attractive interactions are found in theKN and πΣ channels [21] , so the pole structure (6) from the NLO approach in Refs. [22, 23] in the complex energy z plane. We choose the Riemann sheet which is most adjacent to the real axis.
can be interpreted as the superposition of aKN quasi-bound state and a broad πΣ resonance.
While the gross features of the Λ(1405) in theKN amplitude are already well described just by the Weinberg-Tomozawa term, higher order contributions [7, 10] can be used to quantitatively improve the description. To determine the low-energy constants in the higher order terms, sufficiently many precise experimental data are necessary. In 2004, the DEAR collaboration reported measurements of kaonic hydrogen [24] from which the K − p scattering length can be deduced (see the next section). Systematic studies with the NLO interactions however pointed out an inconsistency of the DEAR result with the scattering data [25, 26, 27, 28] .
NLO analysis with precise kaonic hydrogen data
An experimental breakthrough came in 2011 when the SIDDHARTA collaboration provided a new measurement of the shift ∆E and width Γ of the 1s level of kaonic hydrogen [29, 30] : ∆E = 283 ± 36(stat) ± 6(syst) eV, Γ = 541 ± 89(stat) ± 22(syst) eV.
Kaonic hydrogen is the Coulombic bound state of the K − p system. The 1s energy shift and width are induced by the strong interaction. In the nonrelativistic effective Lagrangian approach, this shift and width are related to the K − p scattering length a K − p as [31] ∆E
where α is the fine-structure constant and
Thus the kaonic hydrogen measurement (4) provides a direct constraint on theKN scattering amplitude at threshold.
The first systematic NLO analysis including the SIDDHARTA constraint has been performed in Refs. [22, 23] . The data base used in this analysis consists of the K − p total cross sections, the threshold branching ratios, and the K − p scattering length deduced from the SIDDHARTA data. We obtain a best fit result in the full NLO approach with χ 2 /d.o.f. = 0.96, showing that the new measurement of kaonic hydrogen is now consistent with the scattering data. The same analysis can be performed with only the WeinbergTomozawa term. A reasonable fit is found with χ 2 /d.o.f. = 1.12, provided that some of the subtraction constants are allowed to take unnatural values to compensate for higher order contributions. While this justifies, at least qualitatively, the use of Weinberg-Tomozawa model for the study of Λ(1405), the shift and width are now obtained as ∆E = 373 eV and Γ = 495 eV, outside the error bars of the energy shift in Eq. (4). The SIDDHARTA data are sufficiently precise to shed light on the small insufficiency of the leading-order (Weinberg-Tomozawa) approach.
With a reliableKN scattering amplitude at hand, we are ready to perform an extrapolation into the subthreshold energy region. In Fig. 2 , we show the subthreshold extrapolation of the I = 0 combination of theKN amplitude in the NLO approach,
The uncertainty bands are evaluated according to the SIDDHARTA data (4). It turns out that the large (6) in the NLO approach in Refs. [22, 23] . Shaded areas represent the uncertainty bands.
uncertainty of the subthreshold extrapolation in the previous studies is significantly reduced by the precise determination of the K − p scattering length. In the complex energy plane, we find two poles at
In this way, the existence of two poles is confirmed in the NLO analysis constrained by the SIDDHARTA data. So far we have focused on the I = 0 amplitude in which the Λ(1405) appears. In order to study the interaction ofK in nuclei, we need both the I = 0 and I = 1 components. In Fig. 3 , we plot the I = 1 combination of theKN amplitude
Compared with the I = 0 component, we observe a relatively larger uncertainty with respect to the central values. While the magnitude of the I = 1 amplitude is smaller than that of the resonant I = 0 amplitude, the uncertainty in the I = 1 component should be reduced in the future. An important constraint on the I = 1 amplitude is expected to come from measurements of the 1s energy shift and width of kaonic deuterium which involves both K − p and K − n interactions. It is interesting to note the cusp structure around thē KN threshold of the I = 1 amplitude. For practical purposes, this could be identified with a new state of I = 1, similar to the a 0 (980) which shows up as a strong cusp around theKK threshold [32] . Based on phenomenology, a state of this type, and close in mass, has been claimed in Refs. [34, 33] 
Pole structure in the Λ(1405) energy region
To examine the systematic uncertainties of chiral SU (3) dynamics, we compare the results of Refs. [22, 23] in the previous section with those by other groups (see also Mini Review [35] in Particle Data Group [36] ). In Refs. [37, 38] , the Λ(1405) is studied in similar approaches with different treatments of the scattering equation and the fitting procedure. Here we summarize the studies that are based on the NLO chiral SU(3) interaction and perform the χ 2 fitting analysis with uncertainty estimates including the SIDDHARTA data. Other recent studies of the Λ(1405) can be found in Refs. [39, 40, 41, 42, 43, 44] .
The pole positions found in the Λ(1405) energy region are summarized in Table 1 and Fig. 4 .
1 Qualitatively, all the state-of-the-art studies [22, 23, 37, 38] found two poles in this energy region: one pole near theKN threshold (pole 1) and a second one at lower energy (pole 2). It should be emphasized that the two poles emerge as a consequence of the systematic fitting; their appearance is not enforced by hand. The position of pole 1 is consistently found in a narrow region above 1420 MeV. There is consensus about this feature of the Λ(1405) in all chiral SU(3) dynamics analyses constrained by the K − p scattering and SIDDHARTA data.
1 Here we show the best fit results in each analysis. In Refs. [22, 23] , the best fit result is obtained by the NLO approach. In Ref. [37] , two results (Fit I and Fit II) are shown, but the Fit I is disfavored by the authors in view of recent studies [45] . In Ref. [38] , the consistency check with the πΣ spectra allows solutions #2 and #4, out of eight solutions found by analyzing the K − p scattering data. 
Ref. [37] Fit II 1421
Ref. [38] solution #2 1434
Ref. [38] solution #4 1429 dynamics including the SIDDHARTA constraint, IHW [22, 23] , GO [37] , and MM [38] .
As can be seen in Fig. 4 the position of pole 2 is subject to some ambiguities. This is because the main sources of the experimental data accumulated at and above theKN threshold. While the amplitude around thē KN threshold is well determined, the constraint on the region far from the threshold is not very strong. To sharpen the description of the subthreshold KN amplitude, one should include the πΣ invariant mass spectra in the fitting procedure. In fact, it turns out in Ref. [38] that the consistency check with the πΣ spectra is important to exclude some unphysical solutions. In the next section, we discuss the importance of precise empirical πΣ spectra for the study of the Λ(1405).
Λ(1405) and πΣ spectra
The Λ(1405) decays exclusively into the πΣ channel. Traditionally, the basic information about the Λ(1405) came from the [46] . The charged πΣ state is, however, not the ideal channel to study the Λ(1405). As pointed out in Ref. [47] , the isospin decomposition of the πΣ spectrum in the charge basis is given by
where T (I) is the meson-baryon scattering amplitude with isospin I and the small I = 2 component is neglected.
2 It is clear that the charged πΣ spectra are proportional not only to the I = 0 component but also to the I = 1 contribution |T (1) | 2 and the interference term Re (T (0) T (1) * ), even in the isospin symmetric limit. These contaminations may disturb the signal of the Λ(1405) in the T (0) amplitude. The effect of the interference is indeed observed in recent experiments. In the photoproduction experiment γp → K + Λ(1405) → K + π ± Σ ∓ performed by the LEPS collaboration [48] , different line shapes of the π + Σ − and π − Σ + modes are observed. This observation is elaborated in the comprehensive high-precision studies of the photoproduction by the CLAS collaboration [49, 50, 51] . They measured the spectra in all three charge combinations (π + Σ − , π − Σ + , and π 0 Σ 0 ) at various initial photon energies ranging from 1.95 GeV to 2.85 GeV [49] , investigated the angular dependence [50] , and even determine the spin and parity of the Λ(1405) experimentally [51] . Another important analysis has recently been performed in a different reaction, pp → K + pπ ± Σ ∓ , by the HADES collaboration [52] . In all cases, the isospin interference effect in the charged πΣ spectrum is clearly observed. An important achievement in these new experiments in comparison with the old measurement [46] is the determination of the absolute values of the differential cross sections. This enables us to compare the results with the theoretical studies in a quantitative manner. Given the uncertainties in the subthreshold KN amplitude discussed in the previous section, it is of basic importance to use the different πΣ spectra in order to constrain the subthresholdKN amplitude. In fact, the CLAS photoproduction data is used for this purpose in Refs. [38, 40, 41] . It was shown in Refs. [40, 41] that the photoproduction data alone can already provide the two poles of the Λ(1405). It should however be noted that the πΣ spectra can only be obtained in production experiments, not in elastic scattering. This implies a somewhat involved procedure to extract the relevant two-body meson-baryon amplitudes from the observed data. Consider photoproduction as an example. In the γp → K + πΣ process, there is a contribution from the Feynman diagram shown in Fig. 5 . The invariant mass distribution is calculated as
where C M B denotes the initial state interaction, and T M BπΣ (M inv ) is the twobody scattering amplitude from M B to πΣ in the final state interaction at the invariant mass M inv of the πΣ system. Equation (12) implies that, in order to extract T M BπΣ (M inv ) from the experimental differential cross section dσ/dM inv , we need to calculate the initial state interaction, C M B , by introducing a theoretical model. In general, C M B depends on the total energy of the γp system and the scattering angle of the final K + . Thus the πΣ spectrum does not provide a direct constraint on the two-body amplitude, in contrast to the kaonic hydrogen measurement (5) which directly determines
Moreover, the diagram in Fig. 5 is just one out of many processes that contribute to γp → K + πΣ. For instance, there can be final state interactions in the K + π and K + Σ systems. The final state interactions can take place subsequently (for instance, the K + π interacts after the πΣ interaction). Contributions other than those of the diagram in Fig. 5 are not always written in the generic form of Eq. (12) . From the theoretical viewpoint, the reaction mechanism should be studied in each process as accurately as possible, in order to extract the information of the two-body amplitude from the observed 
spectrum.
With these caveats in mind, in the following, we introduce two recent studies of πΣ spectra in the region of the Λ(1405).
K − d → πΣn reaction: full three-body dynamics
We first consider the K − d → πΣn reaction, which is currently under investigation by the J-PARC E31 collaboration. With an incoming 1 GeV K − beam, the missing mass spectrum of the forward-going neutron will be measured. All three charge combinations of the final πΣ states will be separated according to their decay products detected by the Cylindrical Detector System (CDS). On the theoretical side this reaction was previously studied using approximate two-step approaches in Refs. [53, 54, 55, 56, 57] . The twostep approach corresponds to a truncation of the full three-body amplitude of the final state interactions which can be calculated by solving Faddeev-type equations. Three-body calculations of this reaction were recently performed, but for low-energy kinematics [58, 59] .
In Ref. [60] , the K − d → πΣn reaction is studied performing a full threebody calculation with kinematical conditions adapted to the J-PARC experiment. The coupled-channels Alt-Grassberger-Sandhas (AGS) equations for theKN N -πY N system are solved with relativistic kinematics. For technical reasons the NLO chiral SU(3) amplitude cannot be directly used in the AGS equations, hence we employ theKN interaction based on the Weinberg-Tomozawa term which is sufficient for this purpose. To see the sensitivity of the πΣ spectrum to the two-body interaction, we examine two interaction models with different subthreshold behaviors: an "E-dep." model with energy-dependent interactions derived from the chiral SU(3) effective Lagrangian, and an "E-indep." model that approximates these interactions Differential cross sections dσ/dM πΣ for the K − d → πΣn reaction calculated with the E-dep. model are shown in Fig. 6 (a) and for the E-indep. model in Fig. 6 (b) . The initial energy is chosen to correspond to that of the J-PARC experiment. While the resonant structure of the Λ(1405) is visible in the E-dep. model, this structure is flattened in the E-indep. model by competing contributions even though the Λ(1405) pole exists in the amplitude. It is evident that the πΣ spectra are sensitive to the detailed subthreshold behavior of theKN amplitude. In both cases the isospin interference effects are observed as differences between separate πΣ charge modes. Figure 7 shows the double differential cross sections, d
2 σ/dM πΣ d cos θ, with the emitted neutron going in forward direction, θ = 0
• , as in the actual experiment. The Λ(1405) maximum in the E-dep. model is not visible any more, with the exception of the π 0 Σ 0 channel. This is caused by the strong isospin interference mechanism. In other words, the effect of the I = 1 amplitude is enhanced in the forward-neutron spectra. We also note a pronounced bump structure above theKN threshold (around M πΣ ∼ 1450 MeV) in both the E-dep. and E-indep. models, which is attributed to subtle three-body coupled-channels mechanisms [60] . The experimental data by the J-PARC E31 collaboration will provide new information on the subthresholdKN amplitude through the comparison with these predicted spectra.
Nonleptonic weak decay of
Recently, the weak decay of heavy hadrons is found to be a useful tool to study resonances in hadronic final state interactions (see Ref. [66] for a recent review). A striking finding in 2015 has been the observation of the J/ψp resonance in the Λ b → J/ψK − p decay by the LHCb collaboration [67] . Apart from the exotic pentaquark candidate, several excited Λ * states are observed in the K − p spectrum. This opens the possibility of studying S = −1 baryon resonances in this decay process, as theoretically discussed in Refs. [68, 69, 70] . Here we focus on the decay of the charmed baryon Λ c → π + M B with M B =KN and πΣ. Recently, these decay channels have been studied in detail by the Belle [71] and BESIII [72] collaborations. It is also suggested theoretically to use the cusp effect in the ππΣ decay for the determination of the πΣ scattering length [73] .
The effect of the Λ(1405) in the πΣ spectra of the Λ c decay is studied in Ref. [74] . For the kinematics of the Λ(1405) production, the emitted π + has a large momentum. In this case, from the combined viewpoints of the CabbiboKobayashi-Maskawa matrix, color suppression and diquark correlations in the Λ c , the dominant contribution of the initial weak decay process generates a meson-baryon pair in the combination
An important observation is that this combination is pure isospin I = 0. We expect that the strong final state interaction M B → πΣ will not be affected by isospin interference because of the dominance of this mechanism. Hence the Λ c decay process acts as an isospin filter for the πΣ spectra. Figure 8 shows the predicted πΣ andKN spectra in the Λ c → π + M B decay. The final state interaction is accounted for by NLO chiral SU(3) dynamics as in Refs. [22, 23] . In contrast to the previously discussed processes, all charge combinations of the πΣ states show a maximum at the same energy, as indicated by the vertical dashed line in Fig. 8 . This is a consequence of the isospin filter mechanism of the Λ c decay. Small deviations are caused by the isospin breaking effect in the meson-baryon amplitude with physical hadron masses [22, 23] . In addition the peak position is found around 1418 MeV, because the initial configuration (13) does not involve πΣ states and puts more weight on the higher energy pole of the Λ(1405) coupled-channels system. The suppression of the isospin interference effect in the πΣ spectra is advantageous for the experimental observation as the charged final states are in general easy to detect.
Internal structure of Λ(1405)
Finally, we discuss the structure of the Λ(1405), focusing on theKN molecular component. It is suggestive that recent lattice QCD results point out evidence for the molecularKN structure of the Λ(1405) [85] . TheKN molecular picture of the Λ(1405) is also the basis for calculations of few-bodȳ K nuclei [75, 76, 77, 61, 78, 79, 63, 80, 81, 82, 83, 84] .
In the framework of chiral SU(3) dynamics, one may naively think that theKN molecular picture of the Λ(1405) is somehow built in from the beginning, because the model space does not explicitly include thecomponent of the Λ(1405). This simple expectation is, however, not always realized, as demonstrated for example in the meson sector. In the N c scaling analysis of scalar and vector mesons produced in meson-meson scattering [86, 87] , the nature of the ρ meson is found to be that of aqq state, even though the model space is built only with pseudoscalar mesons 3 . In general, contributions other than those included in the model space are hidden in the low-energy constants of the chiral effective Lagrangian [90] at higher order or in the renormalization procedure [91] . The ρ meson is actually generated mostly from the NLO terms of the chiral Lagrangian, which have encoded information of the vector mesons. Hence, theKN molecular picture of the Λ(1405) should be examined also in chiral SU(3) dynamics.
Here we report on recent studies of the structure of the Λ(1405) from the viewpoint of theKN wavefunction and compositeness. As discussed in section 2.3, there are two poles in the relevant energy region. At each pole, the wavefunction and the compositeness can be calculated, reflecting the nature of the corresponding eigenstate. It is shown that the position of the higher energy pole has small systematic uncertainty, and it should have strong effects on theKN amplitude around the threshold because of its location. We thus mainly concentrate on the structure of this higher energy eigenstate.
RealisticKN potential and wavefunction of Λ(1405)
The wavefunction in coordinate space reflects the spatial structure of the eigenstate. It is shown in Ref. [21] that a single-channel effectiveKN potential can be constructed so as to reproduce the equivalentKN scattering amplitude derived from chiral SU(3) dynamics. The original aim of Ref. [21] was the application of the potential to few-nucleon systems with an antikaon [78, 79] . In the two-bodyKN sector the structure of the Λ(1405) can be studied examining the wavefunction in this channel.
For a quantitative discussion of the Λ(1405) structure, one must start from a reliableKN potential. A suitable potential for this purpose is constructed in Ref. [92] based on the scattering amplitude derived from NLO chiral SU(3) dynamics [22, 23] . By construction, this potential U (r, E) is energy dependent and reproduces the experimental data with an accuracy of χ 2 /dof ∼ 1. The coordinate space wavefunction ψ(r) can be obtained by solving the Schrödinger equation at the energy eigenvalue.
The real and imaginary parts of theKN potential U (r, E) at the energy of the higher pole are shown in Fig. 9 . The real part of the potential is negative, indicating the attractive nature of the interaction. The imaginary part represents the absorption by the transition to the πΣ channel. In Fig. 9 , the r 2 -weighted density distribution ρ(r) = r 2 |ψ(r)| 2 is also plotted. A substantial part of theKN density is located in the region at r > 1 fm, outside of the potential range. The meanKN distance is obtained as
This spatial extension is significantly larger than typical hadron sizes, r 1 fm. For comparison, the mean distance of the lower energy eigenstate associated with the second pole is 0.84 fm. The extended spatial structure of the higher energy eigenstate supports theKN molecular picture of the Λ(1405). Similar results can be found in the studies with the WeinbergTomozawa approach [78, 93, 94, 95, 96] . 
Compositeness of the Λ(1405)
The wavefunction is not an observable: a unitary transformation of the wavefunction can be performed without changing observables. However, the long-distance behavior of the wavefunction of a weakly bound s-wave state is indeed related to characteristic observables. The large spatial size indicates a large scattering length. The low-energy behavior of a system with a very large scattering length is known to be universal [97] . The composite nature of a weakly bound s-wave state is determined by the scattering length and the binding energy [98] . This model-independent weak-binding relation can now be regarded as a consequence of low-energy universality. Because such a model-independent relation is a powerful tool, the structure of hadrons are recently discussed from the viewpoint of compositeness [99, 100, 101, 102, 103, 104, 105, 106, 107, 108] .
For the application to hadrons such as the Λ(1405), the original relation in Ref. [98] needs to be generalized to the case of unstable states. To this end, the nonrelativistic effective field theory (EFT) is adopted in Ref. [109] . The EFT approach is a standard tool to study aspects of low-energy universality, and it is applicable to describe the low-energy behavior of any microscopic theory with a short-range interaction. It is demonstrated that the relation for the stable bound state in Ref. [98] can be derived in the EFT approach, with a systematic assessment of correction terms. Moreover, a generalized relation can be obtained in the EFT approach, which was not possible in the original derivation using the completeness relation of the full Hamiltonian [98] . This generalized relation reads
where a 0 is the scattering length, E QB is the eigenenergy of the quasi-bound state, and X is the compositeness. Here µ and µ are the reduced masses of the scattering and decay channels, respectively. The correction terms are estimated by the ratio of the length scales: R is the length scale of the eigenstate, R typ is the typical range of the two-body interaction of the microscopic theory, and l = 1/ √ 2µν is the length scale associated with the threshold energy difference ν. In the expansion of the scattering length a 0 in 1/R, we find that the coefficient of the leading order term is given by the compositeness X. This means that the compositeness X can be determined entirely by the observable quantities, a 0 and E QB , when the magnitude of the eigenenergy is small enough to ignore higher order correction terms.
For a stable bound state, the compositeness X is real and positive. It is interpreted as the probability of finding the two-body composite component of that state. For an unstable quasi-bound state, X is given by a complex number, so we have to establish a prescription for its interpretation. In Ref. [109] , three real quantities are introduced:
It is shown that U quantifies the deviation from the narrow width (bound state) limit,X reduces to X in the narrow width limit, and the real and positiveX andZ satisfyX +Z = 1. This means thatX can be interpreted as the probability of finding the composite component, when the uncertainty measure U is small, whileZ represents the remaining components of the system such that the total probability adds up to unity. We now evaluate the compositeness of the Λ(1405). Currently, the most reliable determination of the pole energy andKN scattering length is provided by NLO chiral SU(3) dynamics. The compositeness of theKN pole near threshold can be studied with small correction terms in Eq. (15). In Table 2 we summarize the energy eigenvalues of this higher-energy pole measured from theKN threshold, and theKN scattering lengths in the I = 0 channel in Refs. [22, 23, 37, 38] . These eigenenergies satisfy |R| 1.5 fm so that the correction terms are found to be small, |R typ /R| 0.17 and |l/R| 3 0.14 where R typ and l are estimated using ρ meson exchange and the energy difference from the πΣ threshold, respectively. Neglecting the small correction terms, we calculate theKN compositeness XK N ,XK N , and the uncertainty in the interpretation U as shown in Table 2 . We find indeed that the compositeness is close to unity with small uncertainty U . This indicates the dominance of theKN composite structure in the Λ(1405) characteristic of a quasi-molecular state. This result is consistent with other evaluations of the compositeness of the Λ(1405) in Refs. [96, 107, 110, 108] .
Conclusions
Chiral SU(3) dynamics is established as a powerful and systematic approach to study the Λ(1405) and theKN interaction. The conclusions of this paper are summarized as answers to the questions raised in the introduction, as follows:
1. TheKN amplitude featuring the Λ(1405) is described by next-toleading order chiral SU(3) dynamics with an accuracy of χ 2 /d.o.f ∼ 1. Two poles are found in the Λ(1405) region when the calculations are confronted with the available empirical data base. The position of the higher energy pole, the one located just below theKN threshold, is well constrained by the precise determination of the K − p scattering length.
2. There remain uncertainties in the energy region further below thē KN threshold, including the position of the lower energy pole of the Λ(1405). Detailed theoretical studies and precise experimental data of πΣ mass spectra will provide further important constraints at the next stage. Full three-body calculation of the K − d → πΣn reaction point out the sensitivity of the πΣ spectra to the detailed subthreshold behavior of theKN interaction. The Λ c weak decay is shown to enhance the signal of the Λ(1405) because of the isospin filter mechanism that is characteristic of this decay. 3. TheKN molecular picture of the higher energy pole of the Λ (1405) is verified in two ways. The realisticKN potential generates a spatially extended structure of the Λ(1405), in accordance with the loosely bound two-body molecular picture. TheKN compositeness of the Λ (1405) is evaluated by the model-independent relation and the threshold observables found in chiral SU(3) dynamics, indicating the dominance of theKN composite component in Λ(1405).
Accurate constraints provided by precision measurements exploring the dynamics of the coupledKN and πΣ channels have been vital in order to reach these conclusions. Active cooperation of theory and experiments is expected to promote this area of reseach further in the near future.
